Continuous wave electron paramagnetic resonance (CW EPR) and X-band (9 GHz) EPR imaging (EPRI) were used to nondestructively investigate the possible differentiation between malignant melanoma (MM) and nevus pigmentosus (NP) melanin radicals in paraffin-embedded specimens. The EPR spectra of both samples were analyzed using linewidth, spectral pattern, and X-band EPRI. The CW-EPR spectra of the MM showed an additional signal overlap. Eumelaninand pheomelanin-related radicals were observed in the MM specimens. The EPR results revealed that the peak-to-peak linewidths (ΔHpp) of paraffin-embedded MM and NP samples were 0.65 ± 0.01 and 0.69 ± 0.01 mT, respectively. The g-value was 2.005 for both samples. Moreover, the two-dimensional (2D) EPRI of the MM showed different signal intensities at the different tumor stages, unlike the NP, which displayed fewer variations in signal intensity. Thus, the present results suggest that EPR and 2D EPRI can be useful for characterization of the two melanin radicals in the MM and for determination of their size and concentration.
Introduction
Malignant melanoma (MM) is a tumor that is characterized by the uncontrolled proliferation of melanocytes, mainly in skin. The increasing incidence of melanoma has been demonstrated by a review of cancer statistics (1992 -2014) performed by the National Cancer Institute at the National Institutes of Health (USA).
1 Mortality rates from malignant melanoma are also very high because it is one of the most aggressive forms of MM, and it is responsible for three out of every four deaths linked to a skin tumor.
1 Thus, early diagnosis of MM is very important. However, melanin radicals in MM and nevus pigmentosus (NP) can be also difficult to perform in clinical practice at early stages.
Electron paramagnetic resonance (EPR) spectroscopy is a highly sensitive technique. The EPR spectrum may appear as an asymmetric line-shape or have multiple overlapping lines, depending on the type of biomedical sample being assessed. [2] [3] [4] [5] [6] X-band EPR imaging (EPRI) has a higher spatial resolution and greater sensitivity than L-band EPRI. Thus, non-invasive EPRI can provide detailed information regarding the location and concentration of paramagnetic species in naturally occurring biomedical samples, such as melanin radicals in MM. Melanin radicals in MM have been studied using EPR methods in various ways, such as using low temperature and synthetic melanin, 7 animal models, [8] [9] [10] [11] paraffin-embedded human melanoma, 12 and human specimens. 13 Melanin radicals in MM and NP were also compared using CW EPR. 14 However, the eumelanin-and pheomelanin-related radicals in the paraffin-embedded MM at ambient temperatures have not been clearly characterized by the previous EPR studies. Moreover, EPR images of the melanin radicals in MM and NP (as a control) have not been studied yet.
EPR is a nondestructive technique to measure unpaired electrons (free radicals) in samples at ambient temperature. [4] [5] [6] The EPR methods can provide insight into the characterization of the radicals. Detailed studies of EPR line intensities, line widths, and line separations with various radicals may provide information on radical moiety. In addition, the distribution of the radicals may provide a useful index on radicals as a function of time. Several studies have used this method to investigate free radicals in naturally occurring samples. 5, 15 The application of noninvasive two-dimensional (2D) EPRI and EPR spectroscopy may provide detailed information regarding the location and concentration of paramagnetic species in naturally occurring biomedical samples.
In cases where MM is suspected, the lesion is removed and histologically examined before a final diagnosis is made. Although a histological examination is a reliable diagnostic tool, it requires a surgical procedure for sample verification. Thus, apart from clinical and histological examinations, additional methods to distinguish between MM and NP should be useful for diagnosis. Pigmented regions of MM 12 and NP contain stable melanin radicals that are associated with the size of the pigmented region. It was also pointed out that free radicals of non-melanin origin are very unstable. 12 Therefore, further EPR investigation could lead to providing useful analytical tools for verification of the tumors.
In this investigation, we aimed to investigate the melanin radicals (eumelanin-and pheomelanin-related radicals) in paraffin-embedded human MM (tumors) and NP (as a control) using EPR and two-dimensional (2D) EPRI in the samples, which were originally collected specimens for histological examination. The distribution and relative concentration of melanin radicals within measured MM samples was imaged using 2D EPRI along with a reference DPPH, and the images of the radicals from the MM and the NP were quantitatively compared. We performed an EPR assay to characterize the eumelanin-and pheomelanin-related radicals in the paraffinembedded MM. In addition, we compared the spin concentration of melanin with a known concentration of DPPH and TEMPOL.
Experimental

Samples (specimens)
The Hirosaki University Internal Review Board approved all protocols used in this study. 16 The MM and NP lesions were selected from recent cases presenting at the dermatology clinic at Hirosaki University Hospital. The mostly intense-colored sections of six cases of malignant melanoma (MM) (67M, stage 1A; 74M, stage II C; 74M, stage IV; 62F, stage IB; 65M, stage IIC; and 69F, stage IIC) and six cases of nevus pigmentosus (NP) (11M, 28F, 34M, 43M, 25M, and 21M) were examined. The MM samples embedded in paraffin wax for histological examination were studied using an EPR assay. Paraffinembedded NP sections were used as control samples.
A spin probe reagent, 4-hydroxy-2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPOL, >98% by GC) and 1,1-diphenyl-2-picrylhydrazyl (DPPH, >97% by HPLC) radical were purchased from Nacalai Tesque, Inc., Kyoto, Japan and used as received. All chemicals were analytical grade and commercially available. Throughout the study, the same DPPH sample was used as a standard, with a known concentration, to calculate the number of melanin radicals in the measured samples.
EPR assay
A commercially available JEOL RE-3X 9 GHz EPR spectrometer (JEOL Ltd., Tokyo, Japan; now JEOL resonance Inc.) was used to measure the paraffin-embedded MM and NP. Intense-pigmented samples, approximately 3 × 4 × 3 mm each, were cut out from the paraffin-embedded MM and NP samples to fit into a 5-mm diameter EPR rod, as described in Fig. 1 . A sample (Mn 2+ in MgO) of JEOL standard (JEOL Ltd., Tokyo, Japan) was used to monitor the static magnetic field. The static magnetic field is controlled by electric current without NMR probe. The paraffin-embedded samples were used for the measurements; however, the sample amount varies slightly from patient to patient. The MM and/or NP sample was pasted onto an EPR rod ( Fig. 1) and was measured by a 9-GHz EPR spectrometer. The spectrometer settings were set as the following: microwave power, 5 mW; time constant, 0.1 s; sweep time, 4 min; modulation, 0.32 mT; sweep width, 10 mT. All measurements were performed at 21 C.
EPR imaging
Images were acquired at room temperature using a Bruker E500 ELESYS system (Bruker BioSpin Gmbh, Karlsruhe, Germany) equipped with a high sensitivity TM resonator (10-mm diameter, Bruker). The system was operated in the X-band mode at approximately 9.6 GHz and 100 kHz modulation frequency. For imaging, the system was equipped with watercooled gradients, allowing a magnetic field gradient of up to 10 mT/cm along the X and Y axes.
The EPR rod was positioned in the center of the microwave cavity. For each measurement, the microwave power was set to a value within the linear section of the power intensity curve. Amplitude modulation values were selected such that they did not induce any signal distortion and were always limited to the linewidth value. The conversion time, time constant, field sweep for images, and gradient intensity of images were optimized for each sample and are provided in Table 1 .
The 2D images were reconstructed from a complete set of projections, which were collected as a function of the magnetic field gradient, using the back-projection algorithm provided in the Xepr ® software package from Bruker (Karlsruhe, Germany). The details of data processes are described elsewhere.
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Results and Discussion Figure 2 shows the typical EPR spectra of the MM and NP. Melanin radicals appear at the g ≈2.00 region. Both side peaks are the Mn 2+ signals. The EPR spectrum of the MM demonstrated a three-line pattern with peak-to-peak linewidth (ΔHpp) of 0.65 ± 0.01 mT (mean ± SEM) as shown in Fig. 2(A) . The g-value obtained was approximately 2.005. The EPR of NP revealed a Fig. 2(B) ), but with ΔHpp of 0.69 ± 0.01 mT. The statistical analyses of the linewidth suggest that the values for NP tend to be broad. The EPR spectra were a single line, as the signals originated from melanin radical (pheomelaninrelated radical). The g-value was approximately 2.005 for both samples. Next, we took the double integral of the EPR signal area (Fig. 2) . The concentration of DPPH was calculated using the known concentration of the TEMPOL solution (distilled H2O) in a capillary tube (outer diameter 1.0 mm; inner diameter 0.9 mm). The measured NP radical was approximately 3.5 times less than the MM radicals in these particular samples. The concentration Figure 3 shows the EPR spectra of the paraffin-embedded MM. Additional signals may be recognized, as indicated by the arrows. The signal overlap may be one of the reasons for the slight narrow linewidth for the MM compared to the NP. The small linewidth differences between the MM and the NP may also be associated with the structural moieties of the radicals in the pigments. Notably, the paraffin sample containing no tissue was also measured, and no signal was observed.
Melanin radicals can be divided into two types: eumelaninrelated and pheomelanin-related radicals. The former signal consists of a single line and the latter has an unequal three-line pattern. In this study, the unequal three-line pattern was observed (Fig. 3 ) and the spectral pattern was similar to that of previously reported pheomelanin-related radicals. 8, 17 The low and high field signal intensities were markedly deferent (asymmetric pattern), suggesting that the radicals were immobilized. 8 The low and high field peak distance was approximately 3.2 mT. Moreover, the increase in pheomelaninrelated radical slightly changed the overall spectral pattern. Thus, we determined that the unequal three-line pattern pertained to the pheomelanin-related radicals in the MM. The intensity of pheomelanin-related radicals increases as the stage increases in the MM. The characterization of pheomelaninrelated radicals is important as pheomelanin breaks down under light irradiation with the formation of superoxide. 17 Two-dimensional (2D) EPR image of MM and NP with DPPH (upper-panel) and without DPPH as a known radical concentration (lower-panel) is presented in Fig. 4a . This is an example EPR image showing how the radicals are distributed in the MM sample. Based on linewidth, the spatial resolution of EPRI in the three samples was approximately 1.3 mm. It is noted that most of the cases like melanoma, which is a more complicated radical distribution, indicates the location of the radicals but the color scale of the images may not be comparable to other samples. The pigmented regions of the MM and NP contain stable melanin radicals that are associated with the size of these regions. Figure 4a (lower-panel) shows the 2D EPR images of the same MM and NP specimens in Figs. (a) -(c) without DPPH. The MM image (A) exhibited weaker intensity than that obtained for NP (A) and (B), and although the NP image was clear, an intense melanoma image (red color) was observed in the MM (C). The MM and NP in Fig. 4a (C) also correspond to the EPR spectra of the melanoma (A) and nevus (B), respectively, in Fig. 2 . The EPR images between the upper-panel and lowerpanel (Fig. 4a) are very different. These EPR images vary the areas and intensities in the MM and NP. Thus, a single image may not be sufficient for direct comparisons with other images.
Moreover, the original image resolution was estimated from the EPR line-width and applied gradient. The resolution increases approximately 3 -4 times upon deconvolution of the zero-gradient spectrum. 18 The deconvolution is a typical procedure used in EPRI to improve an image. The interpolation procedure increased the number of projections used for image reconstruction by approximately a factor of four and suppressed artefacts.
We used the DPPH radical as a standard for the first three imaging measurements as shown in Fig. 4a . EPR signal of DPPH is a single line, which is similar to melanin radicals. The DPPH spin concentration was calculated using a known concentration of the TEMPOL solution. The number of spins/ gram was approximately 8.0 × 10 16 [spins/g] in Fig. 4a . Figure  4b shows each corresponding sample picture of Fig. 4a . The same source of DPPH was used for every EPR imaging.
Two-dimensional EPR images of the MM and NP sections are presented in Fig. 4a . The images (a), (b), and (c) correspond to sections of melanoma in Stage IA, IIC, and IV, respectively. Very high intensity was observed for stage IV (c). It is important to note that the signal intensity in each image in Fig. 4a is relative to that of the other sample. When a signal was very The filled triangles indicate an additional signal (pheomelanin-related radical). The spectrum was taken at a single scan. The EPR spectrum corresponds to the MM (c) in Fig. 4a. strong, the other image appeared to have a lower intensity. Thus, it is useful to have a standard signal for accurate comparison of sample images.
Conclusions
In the present EPR and EPRI investigations, we made melanin radicals in the MM and NP samples that would contribute to further understanding in this field. First, we characterized the eumelanin-and pheomelanin-related radicals in MM and NP using CW EPR. Second, we obtained EPR images of melanin radicals present in MM and NP along with the DPPH reference radical. We provided evidence that X-band EPR techniques show a good potential to differentiate between human MM and NP using the ΔHpp and EPR image of melamine radicals. We observed characteristic EPR spectra for the MM specimens and characterized the eumelanin-and pheomelanin-related radicals in the paraffin-embedded MM. Moreover, image standardization using DPPH and estimating the concentration of melanin radicals per sample was also attempted. The MM and NP of image (C) correspond to the EPR spectra of (A) melanoma and (B) nevus in Fig. 2 , respectively. The NP specimen was used as a control. The sampling procedures are described in Fig. 1. [b] A sample picture of the paraffin-embedded MM and NP together with DPPH used for EPRI is presented. Each corresponding sample is presented in Fig. 4a . DPPH is other side of the red mark. The same DPPH was used for every EPR imaging.
